Genetic exchange has not been shown to be a mechanism underlying the extensive diversity of Leishmania parasites. We report here evidence that the invertebrate stages of Leishmania are capable of having a sexual cycle consistent with a meiotic process like that described for African trypanosomes. Hybrid progeny were generated that bore full genomic complements from both parents, but kinetoplast DNA maxicircles from one parent. Mating occurred only in the sand fly vector, and hybrids were transmitted to the mammalian host by sand fly bite. Genetic exchange likely contributes to phenotypic diversity in natural populations, and analysis of hybrid progeny will be useful for positional cloning of the genes controlling traits such as virulence, tissue tropism, and drug resistance.
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P arasitic protozoa of the genus Leishmania cause a spectrum of human diseases that pose serious public health challenges for prevention, diagnosis, and treatment. The diversity of Leishmania species, with more than 20 currently recognized, is thought to have arisen by gradual accumulation of divergent mutations rather than by sexual recombination. Tibayrenc et al.
(1) have reported strong linkage disequilibrium in several Leishmania species and proposed that these parasites are essentially clonal. This notion must be reconciled, however, with the accumulating examples of naturally occurring strains that share genotypic markers from two recognized species and thereby provide circumstantial evidence for sexual recombination (2) (3) (4) . Genetic exchange has been documented for the other trypanosomatids that cause human disease. Hybrid genotypes were observed in tsetse flies during cotransmission of two strains of Trypanosoma brucei (5) and in mammalian cells after coinfection with two clones of Trypanosoma cruzi differing in drug-resistance markers (6) . Using drug resistance markers, we provide evidence for genetic exchange in Leishmania major and discuss the implications of these findings to Leishmania biology and experimental analysis.
One parental clone, LV39c5(HYG), was derived from strain LV39 clone 5 (MHOM/SU/59/P) and was heterozygous for an allelic replacement of the LPG5A on chromosome 24 by a hygromycin B-resistance cassette (LPG5A/LPG5A::∆HYG) (7). The second parental clone, FV1(SAT), was derived from NIH Friedlin clone V1 (MHOM/ IL/80/FN) and bore a heterozygous nourseothricinresistance (SAT) marker, integrated along with a linked firefly luciferase (LUC) reporter gene into one allele of the~24 rRNA cistrons located on chromosome 27 (8) (+/SSU::SAT-LUC). These strains were chosen as they are phenotypically identical to their respective parental wild-type (WT) virulent L. major; whereas the markers were chosen because they are functionally independent (9) . The target gene modifications were chosen because they caused no effect on normal growth in vitro or in mouse infections (10) , and epistatic interactions were not anticipated between these alleles.
Multiple attempts to generate hybrid parasites resistant to both antibiotics during in vitro coculture of the parental lines were unsuccessful (11) . The parental clones were tested for their ability to generate parasites resistant to both drugs during coinfection in the sand fly. The growth of each parental line in Phlebotomus duboscqi, a natural vector of L. major, is shown in fig. S1 . Promastigotes of each parent survived the initial period of blood-meal digestion and excretion (days 1 to 6) and underwent metacyclogenesis at a comparable frequency (20 to 60%), although the FV1(SAT) parent established and maintained a higher intensity of infection by a factor of 3 to 4. The parental clones were tested for their ability to generate doubly drug-resistant parasites during coinfection in the sand fly. Flies were fed through a membrane on mouse blood containing 3 and 1 × 10 6 /ml of the LV39c5(HYG) and FV1(SAT) lines, respectively, each obtained from log-phase cultures and extensively washed to remove antibiotics. A total of 102 flies from four independent coinfection experiments were dissected 13 to 16 days postinfection; at this time, they harbored mature infections with an average of 39,400 T 14,700 promastigotes per midgut. Flies cannot be maintained under aseptic conditions, and more than half of the cultures established from the midgut parasites were lost to fungal contamination during the subsequent 1 to 2 weeks of culture. In the remaining cultures, 12 (26%) grew out promastigotes that were resistant to both drugs. Clonal lines were generated from nine of the doubly drug-resistant populations, and the genotypes and phenotypes of one or two clones from each culture were determined (summarized in Table 1 ).
Polymerase chain reaction (PCR) tests with primers specific for the parental markers showed that all doubly drug-resistant clones tested contained both the HYG and SAT drug-resistance genes (Fig. 1A , Table 1, and table S3 ). Controls showed that the marker loci had not rearranged during hybrid formation but had maintained their location within the LPG5A or SSU rRNA loci, respectively ( fig. S2 ). These data indicated that the doubly drug-resistant clonal lines were genetic hybrids. To confirm that hybrid formation was compatible with transmission to the mammalian host, coinfected sand flies were allowed to bite and to induce lesions in BALB/c mice. Two doubly drug-resistant clonal lines, designated 6.16.E8 and 6.14.F9, were recovered from the eight dermal lesions examined and were found to be similar to those directly recovered from insects, as discussed below (Table 1 ). Coinjection of both parental lines into mouse ears by needle never led to the recovery of doubly drug-resistant parasites from the 20 dermal lesions examined, each containing >2. 4 × 10 7 amastigotes, which suggested that the hybrids selected after transmission by the coinfected sand flies were generated in the fly and not in the mammalian host.
We examined the segregation of loci not linked to chromosomes 24 and 27, the location of the HYG and SAT markers, respectively. We used single-nucleotide polymorphisms (SNPs) developed from comparisons of the terminal 30-kb chromosomal regions encompassing the SCG genes located on L. major chromosomes 2, 7, 21, 25, 31, 35, and 36 in the WT parent of LV39c5(HYG). SCGs make up a family of polymorphic telomeric galactosyltransferases (12) , but genes internal to these showed SNPs occurring at an overall frequency of~0.15%, consistent with other estimates of strain variation (13, 14) . For each chromosome, SNPs from one to two loci, located from 8.5 to 23 kb inwards of the telomeric SCGs (12) (tables S1 and S2), were analyzed by a combination of SNP-CAPS (15) [SNP genotyping combined with cleaved amplified polymorphic site analysis (CAPS)] and/or direct sequencing. Each parent was homozygous for every marker tested, and all 18 progeny showed clearly that they had inherited both parental alleles ( Fig. 1B and Table 1 ). This provides evidence that each progeny clone inherited a full set of chromosomes from each parent and were thus full genome hybrids. In 7 out of 18 hybrid progeny clones, the relative ratio of the parental alleles seen in SNP-CAPS digestions differed from the expected 1:1. Instead, in each case the most intense bands or sequencing trace peaks were those associated with the LV39c5 parent, a finding seen at all loci and in all lines tested (Fig. 1B, fig. S3 , and Table 1 ). One possibility is the occurrence of triploid offspring, bearing two chromosomal complements from one parent (LV39) and one from the other (FV1). The DNA contents of the progeny clones were measured relative to those of the parents by flow cytometry, and the profiles compared with 2n and 4n lines studied previously (16) . Although the parents and most hybrids showed 2n DNA contents, the seven hybrids detected above showed 3n DNA content ( Fig. 2 and Table 1 ); intermediate DNA content was not observed. Thus, although all doubly drugresistant lines were full genome hybrids, a significant fraction appeared to be triploid rather than diploid and had inherited two genomic complements from the LV39 and one from FV1 parents. Similarly, for four of the 2n lines (1.16. A1, 1.16.C4, 5.12.D9, and 5.12.F11), the segregation of chromosome 31 markers appeared to differ from the expected 1:1 ratio, with the LV39c5 parent again predominating in sequencing and/or SNP-CAPs analysis of the hybrids (Table 1) . This may arise from the finding that Leishmania chromosomes are occasionally aneuploid (17) , which includes tetrasomy of Leishmania chromosome 31 in the parental lines studied here. Potentially, tetrasomy may affect mitotic inheritance and segregation, as seen in autotetraploid or allotetraploid species (18) . This was not pursued further in this study.
SNP markers were identified to determine the inheritance of mitochondrial maxicircle formed of kinetoplast DNA (kDNA) (Fig. 1C , Table 1 , and tables S1 to S3). In contrast to the chromosomal DNA, maxicircle markers demonstrated clear and consistent uniparental inheritance, with 6 of the progeny clones having maxicircle kDNA exclusively from the LV39c5(HYG) and 12 inheriting maxicircle kDNA exclusively from FV1(SAT) ( Table 1 and Fig. 1C ). These markers allowed us to establish that two clonal lines arising from the same fly that had identical nuclear markers were in fact different (4.9.C8/C6 and 4.3.A12/G12) ( Table 1) . kDNA minicircles were not examined.
Several studies were undertaken to compare the progeny clones for parental phenotypic traits. Metacyclic promastigotes of the FV1 line react with monoclonal antibody (mAb) 3F12, which recognizes the abundant surface lipophosphoglycan (LPG) and other phosphoglycans expressing mono-b-galactose-modified repeat units terminating with b(1,2)arabinose residues. The same antibody fails to bind to LV39c5 metacyclics, owing to differences in the b-galactose chain length (19) . Metacyclic promastigotes purified from all progeny clones displayed strong reactivity with mAb 3F12, as determined by surface agglutination of live parasites ( fig. S4A) . Thus, the mono-galactosylated 3F12 trait appeared to be inherited as a dominant trait. Another dominant trait is the "clumpy" appearance of LV39c5(HYG) when grown in standard culture medium, in contrast to FV1(SAT), which grows as individual cells. All hybrid offspring appeared clumpy ( fig. S4B) .
It is noteworthy that the parental clones differ in a virulence trait defined as the time required for the emergence of lesions in susceptible BALB/c mice (Fig. 3) . After subcutaneous foot-pad inoculation of 10 4 metacyclic promastigotes, purified in each case from stationary cells freshly transformed from lesion amastigotes, five of the progeny clones displayed lesion progression as fast or faster than the FV1(SAT) parent, whereas another five of the progeny showed lesion development as slow or slower than the LV39c5(HYG) parent. These data indicate that despite the low nucleotide heterozygosity typically found in L. major (14) , there is sufficient variation in one or both parental clones for distinct virulence phenotypes to emerge. The most parsimonious explanation is that either "slow" or "fast" growth is inherited as a dominant trait and that one or both parental clones are heterozygous for the gene(s) controlling this trait.
All five triploid lines tested exhibited the "slow virulence" trait, which occurred in only one out of eight of the diploid lines. There may be a reduction in virulence associated with polyploidy that accounts for the failure to detect polyploid lines in field isolates. In contrast, no significant association was seen with the maxicircle genotype and virulence or ploidy (Table 1) .
Leishmania can undergo genetic exchange during growth and development in the sand fly vector and can transmit infectious-stage hybrid progeny to a mammalian host. Based on the analysis of 18 hybrid clones representing a minimum of 11 independent crosses, the findings argue for inheritance of at least one full set of chromosomes from each parent, accompanied by independent, uniparental inheritance of the maxicircle kDNA derived from one parent. The inheritance patterns of nuclear DNA fit a Mendelian model of meiosis of the parental strains followed by fusion of the haploid cells. However, alternative mechanisms, modeled after the tetraploid sexual cycle described in Saccharomyces cerevisiae (20) , could involve fusion of parental diploid cells, followed by meiosis and intracellular fusion of haploid nuclei (21, 22) . Triploid offspring have also been seen in trypanosome crosses and have been attributed to incomplete meiotic division and fusion of haploid and diploid nuclei ( fig. S5) (21, 23) . In trypanosomes as well, maxicircle kDNA was initially thought to be inherited uniparentally; however, later studies showed it to be inherited biparentally, but subsequently to segregate out during mitosis, leading to fixation (24) . It is possible that mixed maxicircle genotypes might have also been present in earlier generations of the Leishmania crosses than were examined here.
The frequency of genetic exchange involving these two parental clones would appear to be rare (~2.5 × 10 −5 or less, after correcting for recovery of only doubly drug-resistant offspring). Consistent with this, most clonal lines from a single infected fly were identical, although two flies yielded offspring with different maxicircle genotypes, which suggested two independent crossing events. Whether the frequency observed in the FV1 × LV39c5 cross here is typical for other Leishmania strains or species remains to be determined. The low frequency agrees with the general sense that gene exchange must occur rarely, as deduced from observed heterozygosities and linkage disequilibrium in natural populations (1) .
Despite the infrequency of gene exchange experimentally or in nature, there are many examples of hybrid genotypes observed in field isolates involving most Leishmania species (2-4, 25-27). Potentially, these hybrids arose from rare "mating" events, yielding offspring with a strong selective advantage, such as seen in Toxoplasma gondii (28), and suggested by the clonal propagation of an emergent hybrid mucosal strain in Peru (3). Given the rarity with which mixed infections in flies are likely to occur, in conjunction with the low frequency of hybridization that we have observed in coinfected flies, any successful new genotype would be expected to propagate clonally.
Although rare in nature, the frequency of experimental hybrid formation is sufficient to enable its use as an experimental tool. Our studies show segregation of "virulence traits" in the FV1 × LV39c5 crosses studied here, and through positional cloning, the genes responsible may be identified. Future studies will explore the possibilities of carrying out backcrosses, as well as crosses between species, and of developing SNP tools for genetic linkage analysis. Picoeukaryotes are a taxonomically diverse group of organisms less than 2 micrometers in diameter. Photosynthetic marine picoeukaryotes in the genus Micromonas thrive in ecosystems ranging from tropical to polar and could serve as sentinel organisms for biogeochemical fluxes of modern oceans during climate change. These broadly distributed primary producers belong to an anciently diverged sister clade to land plants. Although Micromonas isolates have high 18S ribosomal RNA gene identity, we found that genomes from two isolates shared only 90% of their predicted genes. Their independent evolutionary paths were emphasized by distinct riboswitch arrangements as well as the discovery of intronic repeat elements in one isolate, and in metagenomic data, but not in other genomes. Divergence appears to have been facilitated by selection and acquisition processes that actively shape the repertoire of genes that are mutually exclusive between the two isolates differently than the core genes. Analyses of the Micromonas genomes offer valuable insights into ecological differentiation and the dynamic nature of early plant evolution.
A ncestral green algae were of fundamental importance to the eukaryotic greening that shaped the geochemistry of our planet. This process began over a billion years ago when a cyanobacterium was captured by a heterotrophic protist and incorporated as an endosymbiont, giving rise to the first eukaryotic alga (1). The extant Prasinophytae retain characteristics that are believed to have been present in the last common ancestor of green algae (chlorophytes) and land plants (streptophytes, including charophyte algae) (2) . Most prasinophytes within the monophyletic marine order Mamiellales (Fig. 1A and fig. S1 ), such as Micromonas, are tiny (≤2 mm in diameter) and known as picoeukaryotes. Micromonas is a motile unicell, with a single chloroplast and mitochondrion (Fig. 1A,  inset) , first reported as a dominant phytoplankter in the 1950s (3) and now recognized as having a global distribution (Fig. 1B) 
(4).
Today's oceans contain a polyphyletic diversity of algae, some with plastids that share ancestry with land plants (green algae) and others (chromalveolates) that are derived from red algae through secondary or tertiary (eukaryoticeukaryotic) endosymbioses (5, 6) . Unlike most episodic chromalveolate bloomers and the freshwater green alga Chlamydomonas (7), the Mamiellales have reduced genomes, as first shown in Ostreococcus (8, 9). Ostreococcus has a narrower environmental distribution than Micromonas (Fig. 1B) and a smaller genome (12 to 13 Mb containing only~8000 genes). Open-ocean bacteria, including SAR11 and Prochlorococcus (10, 11), show similar patterns of cell size and genome minimization. Conditions favoring picophytoplankton growth, such as increased stratification, less mixing, and reduced nutrient concentrations in ocean surface waters, are predicted climate change outcomes, and thus picoeukaryote dynamics may be useful ecosystem indicators.
We sequenced the nuclear genomes of Micromonas isolates RCC299 and CCMP1545 (Table 1 and figs. S2 and S3) (12) . These isolates are from distant ocean provinces and fall into distinct phylogenetic clades that can co-occur ( Fig. 1) (12, 13) but are generally considered a single species (Micromonas pusilla). Transmission electron microscopy revealed no morphological differences (12) , and 18S ribosomal DNA (rDNA) identity was high (97%). Surprisingly, only 90% of their 10,056 (RCC299) and 10,575 (CCMP1545) predicted genes (table S1) were shared ( Fig. 2A) . In contrast, Ostreococcus lucimarinus and O. tauri share 97% of cataloged genes (12) , and yeast genera can share~95% of homologs (14) . The divergence we observed between the Micromonas isolates supports their classification as distinct species.
Synteny, GC content, and codon usage pointed to a shared evolutionary history for RCC299 and
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Parasites, hybrid selections. and phenotype analyses. The L. major lines and clones were grown in M199 medium as described (1), and containing 25 ug/ml hygromycin B (Sigma, St. Louis) and/or 100 µg/ml nourseothricin (Jena Bioscience, Jena, Germany), as necessary. For selection of double drug resistant lines in vitro, cultures were initiated by seeding log-phase cells of each parent at 1x10 6 /ml, and the two antibiotics were added at days 3, 7, or 11. All cultures were static by 2-4 days, and all parasites were dead by 10-24 days following addition of the antibiotics. For selection of double drug resistant lines during co-infection in the mammalian host, BALB/c mice were co-inoculated in the ear dermis with 10 4 metacyclic promastigotes of each parental strain. Four weeks after infection, ear dermal cells were prepared and aliquots serially diluted without antibiotics to quantify the number of amastigotes per lesion, as described (1) . The remaining cells from each ear were cultured in 2 ml media containing both antibiotics.
For selection of double drug resistant lines during co-infection in the sand fly vector, P. duboscqi sand flies were infected and used for transmission of L. major by bite as described (1) . Briefly, 2 to 4-day-old P. duboscqi females were infected by feeding through a chick skin membrane on heparinized mouse blood containing 3 and 1 x 10 6 / ml logarithmic phase promastigotes of the LV39c5(HYG) and FV1(SAT) lines, respectively. Midguts were dissected 13-16 days postinfection, and individual midguts were transferred directly to 96 well plates containing 0.1 ml media without antibiotics. After 2 days of growth, the parasites were transferred to 2 ml media containing both antibiotics. For selection of hybrid lines and clones from mouse lesions initiated by infected sand fly bites, 13 day co-infected flies were permitted to feed on the ear pinnae of BALB/c mice, 10 flies per ear. After 4-6 weeks, the ear tissue homogenates were prepared as described (1), and cultured in M199 medium containing both antibiotics. Hybrid clones were generated by distribution in 96 well blood agar plates in 0.1 ml M199 containing both antibiotics.
Poisson analysis was used to determine the percentage probability of clonality, and was in each case >95%. Animal virulence tests were performed in BALB/c mice by s.c footpad inoculation of 10 4 metacyclic promastigotes, purified as described (2) Maxicircle sequencing. PCR primers (Supplemental Table 3 ) were designed using L. major FV1 maxicircle sequences found in a shotgun sequencing survey previously (5 LV39 sequencing and SNP identification. A cosmid library of LV39c5 DNA was prepared in the vector cLHYG (6) . SCG-bearing cosmids were identified by colony hybridization using a generic SCG universal coding region probe (7), and restriction mapping and comparisons to the SCG loci of the sequenced L. major Friedlin genome were used to assign individual cosmids as
SCG1-7.
Representative cosmids encompassing the intact SCG genes and extending ~25-35 kb inward were subjected to random shotgun sequencing, and assembled independently and with the Friedlin genome as a scaffold. Sequence comparisons revealed numerous SNPs, and several from each SCG-containing chromosome were studied further in the parental and progeny lines generated in this work (Supplementary Table 1 ).
Comparative SNP-CAPS analysis of parental and progeny lines. The parental lines were screened for polymorphisms on the basis of single nucleotide differences between the lines, and SNP markers on seven chromosomes at nine different loci were used in this work. The parental sequences were compared by BLAST analysis (http://www.genedb.org/genedb/leish/index.jsp).
Blast output then was uploaded in its entirety to the BlastDigester website (8) (http://www.bar.utoronto.ca/ntools/cgi-bin/ntools_blast_digester.cgi) in order to identify suitable cleaved amplified polymorphic sequence markers (CAPS). SNP comparison for parental genomes is presented in Supplementary Table 2 . PCR primers for SNP-CAPS analysis were generated manually (Supplementary Table 3 ). PCR amplification of specific fragments was carried in 100 µl volume using 20 ng genomic DNA (9) . KlentaqLA polymerase and 40 pmoles of each primer. The reactions were performed in a thermocycler (PTC-200, MJ Research, MA)
programmed for 35 cycles as follows: 93°C, 30 sec; 50°C, 45 sec and then 68°C, 2 min. After amplification, DNA products were ethanol precipitated, the pellets were washed with 75% ethanol, resuspended in 40 µl of sterile nuclease-free water, and 4 µl of product was electrophoresed on a 1.5% agarose gel to ensure homogeneity and yield. In all cases PCR amplification resulted in a homogeneous DNA fragment of the size expected (Supplementary Table 2 ). Usually 10 µl of product was digested with 5 to 10 U of restriction enzyme for 16 hours in the buffer recommended by the supplier (NE Biolabs, MA), electrophoresed on 1.5% sequencing reaction showed equal height. These data along with the parental traces were compared to all sequencing data generated for progeny clones and analyzed using Lasergene software ( Supplementary Fig. S2 ).
